To compare the pathogenesis of calf and rabbit strains of E. coli, gnotobiotic pigs were infected with 1 OLo colony forming units (cfu) of verotoxigenic strain RDEC-1 or S 102-9, or a non-verotoxigenic E. coli (X114/83). Pigs were killed 4 days later, and intestinal tissue was fixed and examined by light, scanning, and transmission electron microscopy. Strains S102-9 and RDEC-1 caused diarrhea, attached to enterocytes, and effaced microvilli, confirming that the calf and rabbit strains possessed similar mechanisms of pathogenicity. Non-verotoxigenic strain X114/83 did not cause diarrhea, but in 5/5 piglets it was detected in histological sections adherent to enterocyte surfaces. Exfoliated enterocytes were seen in 4/5. Bacteria attached to enterocytes by "cups" and "pedestals," with effacement of microvilli, were seen by electron microscopy in 1/5 piglets. It was concluded that strain S102-9 appears to be an animal equivalent of human enterohemorrhagic E. coli, that verotoxin is not essential in the pathogenesis of attaching and effacing lesions, and that the lesions induced by S102-9 are more severe in gnotobiotic pigs than in gnotobiotic or conventional calves.
Strains of Escherichia coli, designated enteropathogenic, enterohemorrhagic, or verotoxigenic, have been identified in animals and man with diarrhea.' Enteropathogenic strains are a group of strains identified epidemiologically in the 1950's as causing infant diarrhea;' enterohemorrhagic strains, particularly E. coli 0 157 : H7, are strains recently associated with bloody diarrhea in adult humans,' and verotoxigenic strains are strains which produce verotoxins; toxins which are cytotoxic to vero cells and are also called shiga-like toxins. l 2 Some enteropathogenic and enterohemorrhagic strains have been shown to produce verotoxin and this toxin plays a role in the pathogenesis of diarrhea.I2 Strains which have been designated enteropathogenic, enterohemorrhagic, or verotoxigenic may induce similar lesions; attaching to enterocyte surfaces by "cups" and "pedestals" and effacing micr~villi.~ Dysentery was reproduced and bacteria attached to enterocytes and effaced microvilli5 when conventionally reared and gnotobiotic calves were inoculated experimentally with a verotoxigenic strain ofE. coli (S 102-9) which had been isolated from farm calves with a characteristic mucoid and bloody d i a~~h e a .~,~ Microscopic lesions were identical to those reproduced in gnotobiotic piglets by oral administration of a verotoxigenic E. coli from rabbits (RDEC-1),9 enteropathogenic strains from human infant^,^ and enterohemorrhagic strains, which produced verotoxin, from human adults with hemorrhagic colitis. I 4 s L 6 The pathogenesis of the calf and rabbit strains was compared in this study by experimental infection of gnotobiotic piglets with E. coli strains RDEC-1, S 102-9, or X114/83 (a control strain not associated with diar-rhea in animals or man). This comparison provided an insight into the role of verotoxin in the development of "attaching and effacing" lesions because strain S 102-9 produces large amounts of verotoxin, RDEC-1 low to moderate amounts, and strain X114-83 produces no verotoxin.
Materials and Methods
Gnotobiotic pigs,14 aged 3 to 5 days, were inoculated orally after the morning feed with 5 ml sterilized canned milk (Carnation Ltd., Croyden, U.K.) containing 1.0-1.5 x 1O'O colony forming units (cfu) of E. coli, grown on bovine blood agar at 37 C for 18 hr; pigs were killed 3 or 4 days later. Five pigs were inoculated with E. coli S102-9 (05 : K-: H-). Distinctive characteristics of S 102-9 include atypical morphology on MacConkey agar, production of urease, anaerogenicity,2 and ability to produce large amounts of verotoxin (1 O5 CD,dml of culture supernatant) (O'Brien, personal communication). Three pigs were inoculated with strain RDEC-1 (0 15 : H-), known to produce low to moderate amounts of verotoxin,13 and five with E. coli (X114/83) (0101 : K-). Strain X114/83 was isolated from bovine gut at necropsy. Experimental inoculation of a neonatal gnotobiotic calf with X114/83 failed to cause diarrhea. Strain X114/83 does not produce verotoxin (sonic lysate had no activity for vero cells) (O'Brien, personal communication) but produces the adhesin F(Y).Io Feces were sampled daily after inoculation, and E. coli enumerated.
To monitor for bacterial contaminants in gnotobiotic pigs, feces were collected prior to inoculation and at necropsy and cultured aerobically and anaerobically on blood agar and in thioglycollate broth. Contaminants were not detected.
E. coli were enumerated in scrapings of mucosa from the ileum, cecum, colon, and rectum, in mesenteric lymph node, in feces, and intestinal contents as described previo~sly;~ the lymph node which was examined was the last node in the mesenteric chain, situated adjacent to the ileocecal junction. The mucosae were washed, scraped off with a glass slide, and ground to make lo-* suspensions in saline. One gram of the mucosal suspensions, intestinal contents, or feces were serially diluted ten-fold in saline, and 0.1 ml of appropriate dilutions spread onto MacConkey agar plates* in triplicate before incubation at 37 C for 18 hr. E. coli g-' were enumerated according to the dilution of sample and the number of lactose fermenting colonies per sample. Logarithms of bacterial counts were analyzed using a hierarchical analysis of variance with parameter for bacterial strain, intestinal site within strain, and contents or mucosa within site. Tissues for microscopy were removed under halothane anesthesia (Halothane; May and Baker, Fluothane, ICI, Macclesfield, U.K.). Short lengths (approximately 5 cm) of small and large intestine were ligated to produce pairs of loops at four sites: adjacent to the ileocecal junction (lower ileum) and at the proximal, middle, and distal parts of the spiral colon. One loop of each pair was filled with mercuric formol and the other with 0.1 M phosphate buffered 3% glutaraldehyde. Samples from the blind end of the cecum and from the mid rectum were excised under anesthesia and immersed in fixative. The pigs were killed by intracardiac injection of pentobarbitone sodium (Euthatal; RMB Animal Health Ltd., Dagenham, U.K.). Ligated loops of intestine were removed and immersed in fixative, and samples of intestinal walls and contents saved for bacteriological examination. Tissues were processed and examined for the presence of lesions by light microscopy and scanning and transmission electron microscopy, as described previously.6
Results
Liquid feces, often containing mucus, were excreted by all pigs inoculated with strain S 102-9 and RDEC-1. Three pigs inoculated with strain X 1 14/83 passed soft feces containing mucus; two passed normal feces.
Feces of pigs inoculated with E. coli strains ,3102-9 and RDEC-1 contained 1Olo colony forming units (cfu) g-l commencing on the day after inoculation; in the pigs inoculated with E. coli X114/83 the number was
The results of bacteriological examinations of intestinal tissues and contents are summarized ( Table 1 ). There were, considering all sites together, significantly more bacteria in intestinal contents than in the intestinal mucosae (P < 0.00 1 for strain RDEC-1, P < 0.0 1 for S102-9, and P < 0.05 for X114/83). The number of bacteria, considering all strains together and disregarding differences between intestinal contents and mucosae, was significantly higher in the cecum compared with small intestinal sites (P < 0.001), colon (P < 0.0 I), and rectum (P < 0.0 1). The bacterial count of strain X114/83 in intestinal contents, taking all sites together, was significantly lower than that of S102-9 (P < 0.05) and RDEC-1 (P < 0.05); there were no significant differences between the numbers of S 102-9 and RDEC-1. Considering all sites together, the bacterial counts of X 1 14/83 and RDEC-1 in the intestinal mucosae were significantly lower than that of S102-9 (P < 0.05). There was no significant difference between the numbers of RDEC-1 and X114/83. Bacteria were seen by light microscopy adherent to the surface of villi in the ileum of one of the five pigs inoculated with strain S 102-9, but lesions were not detected. The ileum from three of these pigs was examined by scanning electron microscopy, and bacteria were detected adherent to the surface of villi in one pig; the microvilli were effaced, and exfoliated enterocytes were seen. Many foci of bacteria were detected by light and electron microscopy adherent to the mucosal surface in the cecum, colon, and rectum of the five pigs. Lesions were most severe in the cecum and slightly less severe in the colon. Bacteria were most numerous on the mucosal surface between crypt orifices ( Fig. 1> , but infection extended into the crypts in all pigs and sometimes to the base of crypts (Fig. 2 ). Bacteria were associated closely with plasma membranes on luminal surfaces of enterocytes, and microvilli were abnormally lengthened or shortened, distorted, and frequently effaced (Fig. 3) . Exfoliated enterocytes were numerous in areas of bacterial colonization; remaining epithelial cells were cuboidal, and occasionally, the lamina propria was exposed. Bacteria were seen within the lamina propria of one pig. The lamina propria underlying areas of infection was infiltrated frequently by neutrophils and these appeared to have emigrated through the epithelium onto the luminal surface and into crypts where they were accumulated to form crypt abcesses. Infiltration of the submucosa with foci of neutrophils was seen in three pigs. Foci of adherent bacteria in the absence of epi-109. Fig. 1 . Cecal mucosa of a gnotobiotic pig inoculated with E. coli S102-9. Bacteria have colonized the mucosal surface thelial cell degeneration or inflammation were common.
Foci of bacteria were seen by light microscopy adherent to the surface of villi in the ileum of two of three pigs inoculated with strain RDEC-1. Infected enterocytes had exfoliated, infected villi were shortened slightly, and bacteria were seen in the lamina propria. The lamina propria of infected villi was infiltrated markedly by neutrophils (Fig. 4) , and bacteria were seen within neutrophils. Many foci of bacteria were detected by light and electron microscopy adherent to the mucosal surface in the cecum, colon, and rectum of the three pigs, and microvilli were effaced. Lesions were identical to those seen in pigs infected with E. coli S102-9, except that the penetration of the lamina propria by bacteria was more marked. Foci of infection appeared to have caused marked epithelial erosion, and colonies of bacteria were seen in the lamina propria. Infiltration of the lamina propria by neutrophils was seen in two pigs, and there were foci of neutrophils in the submucosa. The lesions were most severe in the cecum of each pig; they were slightly less severe in the colon.
Bacteria were not seen adherent to the surface of villi in the ileum of pigs infected with E. coli XI 14/83, but villi were stunted slightly in one pig. Bacteria were detected by light microscopy adherent to the surface of the cecum, colon, and rectum of all pigs. In one pig, adherent bacteria, "cups," and "pedestals" were de-tected by scanning and transmission electron microscopy ( Fig. 5 ). Lesions were not detected in the large intestines of one pig, and in three pigs there was slight erosion of the mucosal surface associated with exfoliated enterocytes. Erosion of the mucosal surface was more marked in the remaining pig, and exfoliated cells were numerous. Neutrophils were detected in the lamina propria and crypts of this pig, and electron microscopy revealed that microvilli were effaced on bacteria-infected enterocytes.
Discussion
This study has shown that lesions caused by E. coli S102-9 in calves, which consist of close attachment of bacteria to enterocyte brush borders, effacement of microvilli, and enterocyte exfoliation, can also be reproduced in gnotobiotic pigs. Although only small numbers of infected calves and pigs were studied, it appeared that the lesions in pigs were more severe than those seen in conventionally reared and gnotobiotic calves, because bacteria had penetrated deeply into the crypts and into lamina propria in pigs but not in calves. The severity of clinical signs, however, was similar in gnotobiotic calves and pigs, and the greater seventy of the lesions was not reflected in an increased severity of clinical signs.
Other strains of E. coli that produce similar lesions in gnotobiotic pigs include a strain isolated from rabbits with diarrhea (RDEC-classical enteropatho-genic E. coli (EPEC) from human infants with diar-~h e a ,~J~ and enterohemorrhagic E. coli (EHEC) serotype 0 157 : H7 from human adults with hemorrhagic colit k 4 J 6 It has been proposed that EHEC and EPEC infections in gnotobiotic pigs could be differentiated by the anatomical site affected, the severity of lesions, and the degree of polymorphonuclear cell infiltration7 EPEC cause lesions in the large and small intestines, whereas EHEC only affect the cecum and colon. EPEC lesions are less severe, and infiltration by neutrophils is seen with EPEC but not with EHEC. Strain S102-9 does not fall clearly into either group as judged by the lesions which it causes. These were similar in severity to those seen in EPEC infections, and infiltration by neutrophils is a feature of both, although in EPEC infections there were lesions in the jejunum and ileum, while in S 102-9 infections there were only slight lesions in the terminal ileum. Lesion assessment, however, may be a poor method of distinguishing EPEC and EHEC, because severe lesions have been described in the ileum of pigs infected with EHEC,16 and there was considerable variation in the severity of lesions produced in pigs by different EPEC strain^.^ Strain S102-9 appears to be an animal equivalent of human EHEC, because both are associated with hemorrhagic colitis in their natural hosts and both produce verotoxin in large amounts. Bacteria were counted in the contents, and mucosal scrapes of intestines and counts were compared, because close attachment appeared to be a component of the pathogenetic mechanism; mucosal counts were higher than the contents counts in calves infected with E. coli S 102-9 (apparently confirming the importance of attachment in the pathogenetic pro~ess).~ However, in the present study of S102-9 in piglets there were more bacteria in intestinal contents than attached to the mucosa, despite the clear evidence of attachment; the reason for this is unclear. Bacteriological examination of mesenteric lymph node showed that infection was not confined to the intestinal lumen and this was also the case in calves where S 102-9 was also isolated from blood. 3 The strain was not regarded as invasive in pigs or calves because in neither case were clinical signs of septicemia detected.
The role of verotoxin the pathogenesis of the intestinal lesions seen in humans and animals infected with EPEC and EHEC is unclear. In this study, close attachment of bacteria to enterocyte surfaces, effacement of microvilli, and enterocyte exfoliation were seen in pigs infected with S 102-9, which produces large amounts of verotoxin. However, mild but similar lesions were also seen in pigs infected with X114/83, which does not produce verotoxin. These observations suggest that verotoxin is not essential for the pathogenesis of these lesions and confirms a previous pos-tulate. EPEC and EHEC adhere closely to enterocyte plasma membranes and this property may contribute to the pathogenetic process. It is clear that verotoxins also contribute to the pathogenesis of lesions and disease in animals infected with verotoxigenic E. coli. Inoculation of ileal loops in rabbits with a shiga-like toxin (verotoxin) from an EHEC (01 57 : H7) caused widespread apoptosis of mature villous enterocytes and premature sloughing from the surface of villi, but microvilli were not effaced.6 It appears that the mechanism of close adherence to enterocyte surfaces is responsible for the formation of cups^' and "pedestals" and effacement of microvilli, and that excretion of verotoxin causes loss of mature enterocytes by apoptosis and damage to vascular endothelium when the verotoxin is absorbed. A plasmid mediated adhesin, EPEC adherence factor (EAF), has been identified in many EPEC;7 similarly, EHEC may possess fimbrial ad he sin^,^ and strain X114/83 possesses a fimbrial adhesin, F(Y). l o It is possible, therefore, that these adhesive mechanisms are involved in the pathogenesis of the lesions described.
